The role of the microbiome in human health has become a central tenant of current medical research, infiltrating a diverse disciplinary base whereby microbiology, computer science, ecology, gastroenterology, immunology, neurophysiology and psychology, metabolism, and cardiovascular medicine all intersect. Traditionally, commensal gut microbiota have been assumed to play a significant role only in the metabolic processing of dietary nutrients and host metabolites, the fortification of gut epithelial barrier function, and the development of mucosal immunity. However, over the last 20 years, new technologies and renewed interest have uncovered a considerably broader influence of the microbiota on health maintenance and disease development, many of which are of particular relevance for surgeons. This article provides a broad overview of the current state of knowledge and a review of the technology that helped in their formation.
Introduction
Human microbes, consisting of bacteria, fungi, archaea, and viruses, are at least as abundant as the somatic cells of the body. 1 Microbes colonize every surface of the body that is exposed to the external environment, including the skin, genitourinary, gastrointestinal, and respiratory tracts (reviewed in Cho and Blaser 2 ). The Bgut microbiome,^a term for the collective community of microbial species and their genomic content, dwarfs the human genome by 150-fold, with an estimated 3.3 million microbial genes. [3] [4] [5] Over the past 25 years, advances in culture-independent techniques, next-generation sequencing, and bioinformatics have paved the way for an explosion of new knowledge regarding the gut microbial ecosystem and its effect on the host. This review strives to summarize for the general surgical community the terminology and tools (Table 1) 6-9 used in microbiome medicine and the impact of the gut microbiome on surgical conditions, including obesity, non-alcoholic fatty liver disease (NAFLD), colorectal cancer (CRC), intestinal anastomotic leaks, inflammatory bowel disease (IBD), and atherosclerosis (Table 2) . [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Due to space limitations, references to in-depth review articles pertaining to each topic are also provided.
Surgical Conditions Affected by the Gut Microbiome

Obesity
The first studies suggesting a relationship between the gut microbiome and obesity were conducted in mice. In 2005, Ley et al. compared the microbiota of lean mice to genetically obese leptin knockout (ob/ob) mice. 24 Ob/ob mice had a 50% reduction in intestinal Bacteroidetes species relative to their lean mouse counterparts, with a concordant 20% increase in the percentage of bacterial taxa associated with the phylum Firmicutes. The shifts in microbial community structure also reflected a change in microbial metabolic potential such that the microbiome of ob/ob mice have a greater diversity of encoding enzymes that break down indigestible polysaccharides, e.g., fiber, and as a result, ob/ob mice have significantly fewer calories remaining in their feces when compared to lean mice. 25 When germ-free mice (which are born and raised in sterile conditions and have no commensal organisms) underwent fecal microbiota transplantation from ob/ob or lean mouse donors, mice colonized with an ob/ob microbiome demonstrated a greater increase in body fat over 2 weeks than mice colonized with a lean microbiome, despite similar chow consumption between the two groups. Thus, not only was the Table 1 Glossary of microbiomerelated terms [6] [7] [8] [9] Term Definition Microbiome The totality of microbes, their genetic elements (genomes), and environmental interactions within a defined environment Microbiota
The assemblage of individual microorganisms present in a defined environment. This is a more accurate term than BmicrofloraT axon A taxonomic group of any rank, such as a species, family, or class Phylogeny Evolutionary relationships among organisms. Classification of microorganisms based on phylogeny reflect how they evolved over time Bacteroidetes and Firmicutes
Major phyla of gut microbes. Changes in the ratio of Firmicutes/Bacteroidetes relative abundance are associated with obesity
Microbial strain A term commonly used to denote a pure culture, but can also refer to a natural concept closely related to the clone 16S ribosomal RNA (16S rRNA) gene
The component of the 30S small subunit of the prokaryotic ribosome that binds to the Shine-Dalgarno sequence. The genes coding for it are referred to as the 16S rRNA gene and are conserved between bacterial species but allow for identification of species Next-generation sequencing Sequencing technologies that provide large amounts of sequence data rapidly.
These technologies include direct sequencing of 16S rRNA gene amplicons using beads (454 Pyrosequencing®), slides (Illumina), and solid surfaces (SOLiD™), or Bmassively parallel sequencing^and shotgun sequencing and metagenomics (see entry below)
Metagenomics
The study of genetic material (e.g., all microbial DNA in a sample) recovered directly from an environmental sample such as the gut. Shotgun metagenomics refers to the process in which the total DNA from a sample is fragmented in a random manner and subjected to next-generation sequencing. This generates primer-independent and unbiased sequencing data which can be analyzed using various reference-based and reference-free methods. Shotgun metagenomics targets all DNA material in a sample and produces relative abundance information for all genes, functions and organisms
Genome assembly
The genome sequence produced after chromosomes have been fragmented, those fragments have been sequenced, and the resulting sequences have been put back together Operational Taxonomic Unit (OTU)
Arbitrarily defined taxonomic unit based on sequence divergence, i.e., a cluster of similar sequences Alpha diversity Diversity within a sample. BRichness^refers to the number of species present in a sample. BEvenness^refers to the relative abundance of different species in the sample. For example, the Chao1 and Shannon diversity metrics both measure richness and evenness Beta diversity Diversity (distance or dissimilarity) between samples. Principal Coordinate Analysis (PCoA) plots are 2-and 3-dimensional plots that visualize data in beta diversity distance matrices. A weighted UniFrac beta diversity metric accounts for abundance of organisms and phylogeny information. An unweighted UniFrac beta diversity metric accounts only for presence or absence of organism and phylogeny information Metabolomics A study of the collective metabolites present in a sample Metaproteomics A study of the collective proteins present in a cell, tissue, or organism or expressed by a genome Metatranscriptomics A study of the collective mRNA present in a sample Germ-free mouse Mice that are born and raised without any microorganisms, including bacteria, fungi, and viruses Prebiotic Nutrients that promote the growth or activity or microorganisms Probiotic Live microorganisms that have a beneficial effect when consumed gut microbiome in the obese mice more efficient in caloric extraction, but an obesity phenotype could be conferred to a mouse host solely through the transplantation of these more calorically efficient gut microbes. 25 Bacteroidetes and Firmicutes phyla are also dominant in the human gut microbiome. As in obese mice, obese human subject stool, analyzed with 16S ribosomal RNA (16S rRNA) amplicon sequencing, were found to have relatively fewer Bacteroidetes and more Firmicutes phyla. 26 In addition, the diversity of gut microbiota, not just the composition, has been linked to obesity. In a comparison of obese and non-obese Danish individuals, those with reduced microbial species diversity (i.e., microbial gene counts below 480,000; median 600,000) had more marked adiposity, insulin resistance, leptin resistance, and dyslipidemia compared to their counterparts with high gene counts. 27 Obese individuals with low gene counts also tended to gain more weight over time compared to those with high gene counts, suggesting that low gut bacterial richness identifies a subset of patients at greater risk for obesity and obesity-related co-morbidities.
Gut microbes also affect obesity through the metabolism of nutrients. Hippurate, which is derived from microbial metabolism of dietary polyphenols, may be linked to Eubacterium dolichum and visceral fat mass. 28 In addition, gut microbial influence on the circadian clock, which regulates diurnal oscillations in biological processes such as feeding and the concentrations of microbe-derived metabolites, may contribute to diet-induced obesity. 29 It follows that if there is a specific subset of gut microbiota that is linked to obesity, there should be a microbial profile associated with leanness. Bacterial strains that have been associated with leanness are Akkermansia muciniphilia, Faecalibacterium prausnitzii, and Bacteroides thetaiotaomicron. 30, 31 Emerging metabolomics data has also shown that polyphenols from cranberry and pomegranate, resveratrol, and gluco-oligosaccharide are protective of obesity and act potentially though beneficial changes to the gut microbiome. [32] [33] [34] The gut microbiome also appears to be involved in the mechanism behind leanness and weight loss after bariatric surgery. Bariatric surgery is a valid means of achieving major and sustained weight reduction. Common bariatric procedures have traditionally been defined as purely restrictive (e.g., adjustable gastric band or sleeve gastrectomy) or both restrictive and malabsorptive (e.g., Roux-en-Y gastric bypass [RYGB] or biliopancreatic diversion with duodenal switch). 35 However, the mechanism by which bariatric surgery mitigates obesity and its associated comorbidities involves more than the physical restriction of food intake or reduction of nutrient absorption capacity. Rather, broad changes in host metabolism and energy homeostasis occur after these surgeries, promoting sustained weight loss and resolution of the metabolic syndrome. While the mechanism by which the improved metabolic profile occurs is not completely understood, it has been hypothesized that changes in the gut microbiome resulting from alterations in gut luminal content seen after bariatric surgery modulate some of these host metabolic changes.
Animal models provide strong evidence that changes in the gut microbiome potentiate the effects of bariatric surgery. When obese mice underwent either RYGB surgery or sham surgery, RYGB mice had increased and sustained weight loss, with preferential loss of fatty mass and maintenance of lean mass. 36 Post-RYGB mice also had distinct microbiome profiles compared to their sham-operated counterparts. The transfer of the microbiome from RYGB mice into germ-free mice was sufficient to induce weight loss in the recipients and resulted in increased adiposity in the recipients, but without significant overall weight change. 36 A similar microbiome transplantation study was carried out using the human gut microbiome.
37 16S rRNA amplicon sequencing analysis of fecal samples from a cohort of females who had been randomly assigned to undergo RYGB or vertical banded gastroplasty 9 years previously demonstrated that both procedures resulted in similar microbial community profiles that were distinct from profiles in non-operated obese women. 37 When stool from post-bariatric surgery and nonoperated obese patients were transferred to germ-free mice, mice colonized with post-RYGB or post-gastroplasty microbes had decreased fat mass (despite similar body weight gain and food intake) compared to mice that received the microbes from obese, non-operated patients. 37 Colonization with post-RYGB microbes notably resulted in the largest increase in lean body mass in the recipient mice. 37 These experiments thus demonstrated that the human gut microbiome could directly potentiate the reduction of adiposity seen after bariatric surgery.
Mechanistically, bariatric surgery seems to restore the gut microbiome of obese individuals to that found in their lean counterparts. In a longitudinal human study of patients undergoing RYGB, microbes in the Bacteroidetes phylum were again found to be reduced in obese individuals prior to surgery. 38 However, 3 months after RYGB, the relative abundance of this phylum was restored back to levels closely matching that of lean control subjects. An increase in Bacteroidetes after surgery correlated with increased reduction in body fat mass and increased serum leptin concentration. In addition, a comparison of 16S rRNA sequences from the stool of normal weight, morbidly obese, and post-RYGB humans demonstrated that there were distinct differences in the bacterial divisions between the three cohorts. 39 Notably, methanogenic, or methane-producing, archaea (one of the three main kingdoms of life-bacteria, archaea, and eukarya) were highly prevalent in obese individuals, but were below the level of detection in normal weight or all-but-one post-RYGB patient. Methanogens control the fermentation of dietary fiber by consuming hydrogen and acetate during methanogenesis, which supports the fermentative process by removing these secondary by-products, making the fermentation of fiber more energetically favorable for those bacteria capable of the process. As mentioned above, the increase in fiber fermentation allows for the additional extraction of calories from these otherwise indigestible polysaccharides. 40 As proof of concept, colonization of mice with methanogens, specifically Methanobrevibacter smithii, induced adiposity in the mouse host. 40 These changes in the gut microbiome are also seen after other types of bariatric surgery. Sleeve gastrectomies also drive persistent and significant changes in the gut microbiome, as shown in diet-induced obese mice that underwent sleeve gastrectomy and had a significant and sustained expansion of Bacteroidetes and a decrease in Firmicutes. 41 This expansion of species diversity within the phylum Bacteroidetes matched the post-RYGB results detailed above and correlated with weight loss and improved insulin resistance. 41 In addition, microbial metabolic functional potential related to host metabolism, such as carbohydrate fermentation, citrate cycle, and the production of amino acids, as determined by shotgun metagenomic sequencing, became more similar to lean controls in obese individuals 3 months after sleeve gastrectomy.
Taken together, these studies demonstrate that obesity is linked to a unique gut microbiome profile that confers the host with an increased capacity for caloric extraction. Bariatric surgery, in turn, seems to restore a healthier microbiome with a leaner metabolic profile, and this re-alignment of the microbiome potentially contributes to the reduced adiposity, increase in lean mass, and resolution of comorbidities seen in post-surgery patients. However, the mechanisms by which microbes and microbial by-products affect obesity remain poorly understood and microbiome manipulations that exploit the host-bacteria interaction for the treatment or prevention of obesity still need to be developed. For further information on this topic, readers are directed to a comprehensive review paper 10 on links between the gut microbiome and obesity and the changes induced by bariatric surgery.
Non-Alcoholic Fatty Liver Disease
NAFLD affects approximately one third of American adults 42 and is defined by steatosis in the liver of individuals who drink little to no alcohol. Of those with NAFLD, approximately 25% go on to develop its more progressive subtype, nonalcoholic steatohepatitis (NASH). NASH is marked by a chronic inflammatory response to fat accumulation within the liver that progresses to chronic intrahepatic scarring and fibrosis, which in turn, can eventually lead to cirrhosis, hepatocellular carcinoma, and/or the need for liver transplantation.
There are multiple proposed mechanisms for the role of the gut microbiome in the development of NAFLD. One such mechanism involves the interaction between the liver and microbial metabolism of enteric substrates such as ethanol, choline, short-chain fatty acids (SCFA), and bile acids. 12 Below, we will discuss ethanol and choline as a comprehensive review of SCFA and bile acids in NAFLD has been reviewed elsewhere. 13, 14 Ethanol and its metabolites such as acetaldehyde, induce triglyceride accumulation in hepatocytes, and generate damaging reactive oxygen species, 14 leading to alcoholic liver disease. However, not all ethanol is derived from dietary sources. The microbiome is a significant producer of nondietary ethanol; 1 g of Escherichia coli is capable of producing up to 0.8 g of ethanol per hour in anaerobic conditions. 43 Correspondingly, dysbiosis can favor ethanol-producing species. NASH patients have an over-representation of ethanolproducing bacteria such as E. coli and correspondingly higher baseline blood alcohol levels than their obese-non NASH or lean counterparts. 44 Genetically obese leptin knockout mice also have higher levels of ethanol detected via breath test than their lean counterparts, a difference that is ameliorated with antibiotic treatment. 45 In rodents, reducing the endogenous microbial production of ethanol with antibiotic decontamination of the gut has been shown to protect against the development of NAFLD. 46 Choline is another metabolite that has a role in the development of NAFLD and NASH. Choline is produced both endogenously in the liver and obtained from the diet; major dietary sources include fish, eggs, red meats, milk, and poultry. 47 Choline is required by the liver to generate and secrete very low-density lipoprotein (VLDL), which in turn, is involved in transporting triglycerides out of the liver into the bloodstream and elsewhere in the body. Deficiency in choline, and therefore VLDL, leads to increased deposition of triglycerides in hepatocytes and steatosis. As such, a model of NASH cirrhosis can be induced in rats with a cholinedeficient diet. 48 Changes in the functional potential of the gut microbiome can lead to choline-deficiency and therefore predispose to NAFLD and NASH. A high fat diet increases microbial hydrolysis of choline into methylamine, which reduces circulating choline concentration to levels found in mice on low-choline diets. 49 Hence, microbial metabolism of choline is thought to decrease the bioavailability of choline for the human host and disrupt the production of VLDL.
Another proposed mechanism for the microbiome's role in the pathogenesis of NAFLD is related to dysregulation of host intestinal permeability. The gut epithelium serves as a barrier between the non-sterile luminal contents and the sterile host environment. Components of this barrier include the gut epithelium, i.e., tight junctions between adjacent intestinal epithelial cells, and the gut immune system that is tolerant to the commensal gut organisms. 50 This barrier can be modulated by changes in the gut microbiome. In mice, disruption of the intestinal barrier potentiates NASH cirrhosis. 51 Mechanistically, increased intestinal permeability exposes the portal circulation to pro-inflammatory products such as lipopolysaccharide (LPS) derived from gram-negative microorganisms. 13 Toll-like receptors on hepatic Kupffer cells and stellate cells recognize and are activated by these microbial products, initiating a cascade of cytokine release that leads to inflammation, fibrosis, and eventually cirrhosis. 52 A study in humans compared gut permeability (evaluated by urinary clearance of the orally ingested radioisotope, 52 Cr-EDTA) and histology of duodenal tight junctions in biopsyproven NAFLD patients (n = 35) with healthy controls (n = 24). 53 Patients with NAFLD were found to have significantly increased permeability versus healthy controls due to disruption of the intestinal tight junctions and intestinal bacterial overgrowth as measured by glucose breath testing. 53 The reader interested in learning more about the complex interaction between the gut microbiome and liver disease is directed towards a comprehensive review by Leung et al. 13 
Colorectal Cancer
Worldwide, CRC represents the second and third most commonly diagnosed cancer in females and males, respectively. Coincidentally, many of the lifestyle factors influencing CRC-age, diet, prominent red meat and fat consumption, obesity, and alcohol and tobacco use-also shape the composition of gut microbiota. Microbial communities and their metabolite products modulate the host immune response and alter epithelial cell signaling and growth, which can promote oncogenesis. 15 Research on the interplay between the gut microbiome and CRC has focused on both specific bacterial strains and broad taxonomic associations. Precedents for a single microorganism playing a role in cancer development include causative roles for Helicobacter pylori in the development of gastric cancer, hepatitis B and C viruses in hepatocellular carcinoma, and human papillomavirus in cervical cancer. While a detailed summary of all individual bacterial strains that have been linked to CRC is beyond the scope of this article, (the reader is directed to a comprehensive review by Sears et al. 15 ), it is interesting to highlight some of these proposed species and mechanisms.
Streptococcus bovis endocarditis has classically been associated with colon cancer. Presumably, a breach in colonic mucosal integrity secondary to malignancy allows S. bovis to escape the confines of the colon and travel systemically to the heart. 54 However, there are contemporary data demonstrating that S. bovis, now termed Streptococcus gallolyticus, is not just an opportunistic pathogen, but has a direct role in oncogenesis. 55 S. gallolyticus member bacteria (SGMB) colonization has been detected more frequently in both tumor and non-tumor tissues of CRC patients, with or without a history of bacteremia, when compared to non-CRC control patients. 56 SGMB colonization was highly associated with IL-1 and COX-2 gene expression in colorectal tumors, suggesting that SGMB may have a chronic inflammatory effect in the colon which could promote malignant or premalignant lesions. 56 Another well-known commensal organism, Enterococcus faecalis, produces superoxide radicals, triggering colon macrophages to produce clastogens (or chromosomal-breaking factors) that diffuse through the local area, leading to DNA damage and chromosomal instability in neighboring colonic cells (the Bbystander effect^). 57 Enterotoxigenic Bacteroides fragilis-induced carcinogenesis has been linked to its virulence factor, the B. fragilis toxin (BFT). BFT, a metalloprotease, cleaves E-cadherin, a tumor suppressor protein, which subsequently leads to enhanced tumor growth through enhanced β-catenin/Wnt signaling. 58 Select strains of E. coli produce colibactin, a small molecule that crosslinks DNA and leads to DNA damage and could contribute to inflammation-induced CRC. 59 Metabolites derived from microbial metabolism of dietary nutrients and substrates in the colon also affect colonic health and oncogenic potential. For example, SCFA, which are produced by gut microbes through the fermentation of fiber, have been found to be anti-carcinogenic by promoting an antiinflammatory state and increasing the apoptosis of colorectal cancer cells (see comprehensive review in ref. 16 ). The breakdown of bile acids by gut microbes has also been linked to colorectal cancer formation. Diets high in saturated fats increase bile acid production, 60 and population studies have linked diets high in saturated fats to the development of colorectal cancer. 6 1 Microbes are responsible for the deconjugation of bile acids to produce secondary bile acids. As detailed in the review by Sears et al., 15 these secondary bile acids (i.e., lithocholic and deoxycholic acid) are potentially carcinogenic in rodent and human studies by inducing a proinflammatory state through the production of reactive oxygen and nitrogen species and NF-κB activation. Interestingly, the paradoxical increase in colorectal cancer rates among postbariatric surgery patients may be potentially associated with altered bile acid metabolism. While bariatric surgery has a cancer-protective role for certain obesity-related tumors, a large population study performed in Sweden demonstrated that patients who underwent bariatric surgery had a surprising increased risk of CRC, with a standardized incidence ratio of 1.60 (95% CI 1.25-2.02) compared to 1.26 (95% CI 1.14-1.40) in the obese, no surgery cohort, potentially secondary to the anatomic diversion of bile flow that increases the exposure of the colon to bile acids. 16 Other microbe-derived metabolites that are relevant to the development of CRC are the harmful nitrogenous compounds and hydrogen sulfide formed from bacterial protein fermentation; microbial ethanol production leading to the generation of toxic and carcinogenic acetaldehyde; and the release and conversion of phytochemicals into anti-carcinogenic metabolites (see review 16 ).
Studies using 16S rRNA sequencing have revealed specific patterns associated with CRC. One study demonstrated an increase in rectum-associated bacterial species diversity in patients with colorectal adenomas compared to healthy controls. 62 In addition, Nakatsu et al. 63 compared 16S rRNA sequences from the mucosal microbiome from normal colorectal mucosa, adenomatous polyps, and adenocarcinomas and found distinct alterations across stages of colorectal carcinogenesis in Fusobacterium, Parvimonas, Gemella, Peptostreptococcus, B. fragilis, and Leptotrichia genera enrichment. Similarly, Gao et al. 64 correlated microbial communities based on 16S rRNA sequencing data to tumor composition and tumor-adjacent tissue in CRC patients. Despite the prevalence of studies detailing these taxonomic differences in the microbiome, the clinical significance of these associations remains to be explored.
Given the association between gut microbial composition and colorectal cancer, creating an early screening tool for CRC based on an individual's unique fecal metagenome biomarkers represents tantalizing translation of microbiome studies. In pursuit of this, Yu et al. 65 performed a metagenomic profiling study of CRC versus control fecal microbiomes in ethnically different cohorts. The authors identified 20 marker genes that distinguished CRC and control microbiomes in the Chinese cohort, 4 of which were validated in a Danish cohort. These four microbial biomarkers were further validated in French and Austrian cohorts, suggesting potential widespread and universal utility for early screening of CRC based on one's microbiome profile.
Intestinal Anastomotic Leaks
Intestinal anastomotic leaks are one of the more devastating complications of general surgery. Despite improvements in post-operative medical care and a multitude of studies devoted to the technique or anastomotic configuration associated with the fewest leaks (hand-sewn, stapled, continuous, interrupted, single layer, double-layer, side-to-side, end-to-end, side-toend, etc.), rates of anastomotic leak have remained largely unchanged over the past 25 years, with reported incidence ranging from 3 to 19%. 66 Recent investigation into the role of gut microbes in intestinal anastomotic leaks has been pioneered by John C. Alverdy, MD, at University of Chicago, and readers are referred to an in-depth review of this topic for full details. 18 The role of the microbiome in anastomotic leaks was first suggested 60 years ago by Cohn et al., 67 who performed colonic resections with end-to-end anastomoses in dogs and modeled anastomotic leak by ligating all the feeding arterial vessels five centimeters proximal and distal to the anastomoses. They then infused broad-spectrum antibiotics into the anastomoses of half the cohort. In control animals who did not receive antibiotic treatment, devascularized anastomoses led to intestinal perforation that was universally fatal by 5 days after surgery. At autopsy, each of these animals had necrotic anastomoses with resulting generalized peritonitis. In stark contrast, in the animals that received antibiotic treatment, the colon anastomoses were viable despite devascularization and were indistinguishable from non-operated bowel at time of autopsy. A similar study was performed in humans by Schardey et al. in the 1990s. 68 A prospective, randomized, double-blind, placebo-controlled multicenter study compared the rates of esophagojejunal anastomotic leak rates after total gastrectomy between patients who received oral systemic antibiotic decontamination to those who did not. Three percent of patients (n = 3/102) who received antibiotic decontamination experienced an anastomotic leak versus 10.6% (n = 11/ 103) of patients who did not (P = 0.05). As such, the authors proposed that local antimicrobial decontamination was a safe and effective measure for the prevention of esophagojejunal anastomotic leakage after total gastrectomy.
More recently, experimental rats were subjected to preoperative radiation prior to low colonic resection and anastomosis. 69 Rates of anastomotic leak were compared between irradiated anastomoses that had been inoculated with Pseudomonas aeruginosa, a ubiquitous hospital-associated pathogen and colonizer of hospitalized patients, versus irradiated but non-inoculated control anastomoses. Anastomoses that were inoculated with P. aeruginosa had a significant increase in the rate of anastomotic leakage when compared to control anastomoses (60 vs. 0%, P < 0.01). The authors demonstrated that P. aeruginosa underwent a genetic mutation to a more invasive and destructive phenotype with enhanced collagenase activity. Blocking this transformation using modified polyethylene glycol with a phosphate moiety was enough to prevent the anastomotic leak in irradiated inoculated tissue.
In another model of anastomotic leak, experimental rats underwent low colonic resection followed by segmental devascularization of the anastomosed area.
7 0 The devascularized anastomoses had a 50% increase in the rate of anastomotic leak compared to control anastomoses, but anastomotic breakdown was not due to tissue ischemia secondary to devascularization or hypoxia. Instead, anastomotic tissues that leaked were colonized by strains of E. faecalis that had high collagenase activity. Conversely, healed anastomotic tissues were colonized by low collagenase-expressing E. faecalis. The authors went on to demonstrate that E. faecalis strains with high collagenase activity both degrade collagen I directly and cleave collagen IV indirectly by activating host tissue matrix metalloproteinase 9 (MMP9). The suppression of this collagenase activity, either via eradication of E. faecalis with topical antibiotic treatment to the intestine or via pharmacological suppression of MMP9 collagenase activity, was enough to prevent leaks in the devascularized anastomotic tissue. Furthermore, when non-devascularized anastomoses were inoculated with high collagenase-expressing E. faecalis strains via rectal enemas, the anastomoses exhibited a greater leak rate, mimicking that of the devascularized, leak-prone anastomoses, which was not observed when nondevascularized tissues were inoculated with low collagenaseexpressing E. faecalis. 70 Taken together, these studies suggest an intriguing novel mechanism for anastomotic leaks: the attenuated host inflammatory state, secondary to the stress of disease, surgery, and post-operative healing, can transform commensal gut bacteria into a more virulent phenotype, characterized by high collagenase-expressing activity and increased invasive and cytotoxic abilities, which in turn, creates more host tissue injury and greater susceptibility to anastomotic leaks. 18 
Inflammatory Bowel Disease
Numerous genetic loci have been associated to IBD, a group of disorders consisting of Crohn's disease (CD) and ulcerative colitis (UC), many of which are involved in immune regulation. 71 However, genetic mutations only partly explain the heritability and pathogenesis of disease. Studies exploring the relationship between the gut microbiome and IBD have revealed three patterns: decreased biodiversity, temporal instability, and dysbiosis featuring over-representation of potentially pro-inflammatory microbes relative to anti-inflammatory strains. 21 In a study comparing a 25,000-clone DNA library generated from fecal samples from six patients with CD to a similarly-sized library derived from healthy patients, CD patients demonstrated significantly reduced bacterial complexity versus their healthy counterparts. Sepehri et al. 72 went further and compared both patients with UC and CD to normal controls and reaffirmed that patients with IBD had reduced microbial diversity and richness versus their healthy counterparts. In addition, the reduced microbial diversity was most prominent within the inflamed tissue of IBD patients compared to adjacent, non-inflamed, tissue. Furthermore, UC patients either in clinical remission or stable maintenance therapy had only 23% stability in their microbiome composition compared to the prior year, whereas healthy controls had relatively stable microbiomes, with 78% similarity at 1 year. 73 Similar temporal instability was observed in CD patients. 74 Pathogenic E. coli, specifically adherent-invasive E. coli (AIEC), is a pro-inflammatory strain disproportionately increased in IBD. 75 AIEC, as their name suggests, exhibit enhanced ability to adhere to intestinal epithelial cells, and once attached, have increased ability to invade and survive within the host cells when compared to commensal E. coli strains. These pathogenic strains of E. coli are more prominent in the intestinal mucosa of CD patients than healthy controls, as they were found in the ileal mucosa of 30.4% (n = 7/23) of CD patients with chronic lesions versus 6.2% (n = 1/16) of ileal mucosal samples from healthy controls. This divergence is likely due in part to CD patients being particularly vulnerable to infection by AIEC. For example, known CD-associated mutations in NOD2, ATG16L1, and IRGM genes impair autophagy (intracellular degradation), a process that would normally limit the survival of AIEC within intestinal epithelial cells. 76 Epithelial cells of CD patients also exhibit decreased secretion of Paneth cell-associated peptides, which are important contributors to innate immunity and possess antimicrobial functions. 77 AIEC also have increased affinity for the epithelial cells of CD patients due to associated increased expression of carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6), a molecule expressed on the outside of epithelial cells that acts as the receptor for AIEC pili. 78 In contrast, AIEC cannot bind to epithelial cells that do not express CEACAM6, such as those found in individuals without IBD. The intracellular growth of AIEC as a result of these CD-associated mutations potentiates the inflammatory response by inducing infected cells to secrete pro-inflammatory cytokines such as TNFalpha. 79, 80 Pathogenic dysbiosis has also been identified in UC patients, e.g., high levels of Fusobacterium varium within the colonic mucosa. 81 These bacteria are cytotoxic due to an F. varium-associated toxin. 82 A mixture of F. varium, when administered into mouse colons via enemas, created UC-like mucosal lesions in the colon, as well as increased inflammatory markers and apoptosis. Conversely, specific microbes may have a protective effect in IBD and may be under-expressed in the gut microbiome of IBD patients. F. prausnitzii, one such anti-inflammatory microbe, is less prevalent in the fecal microbiome of IBD patients. 83 F. prausnitzii stimulates the release of IL-10, an antiinflammatory cytokine, and reduces levels of IL-12, a pro-inflammatory cytokine. Oral administration of F. prausnitzii is enough to reduce inflammation in a mouse model of colitis. 84 Furthermore, the probiotic Lactobacillus casei has also been shown to decrease the secretion of TNF-alpha, IFN-gamma, and other pro-inflammatory cytokines in cells grown from ileal mucosa samples obtained from CD patients. 85 SCFA, as previously mentioned, are produced by the bacterial fermentation of fiber, and have also been shown to have an anti-inflammatory effect by promoting the expansion of regulatory T cells. 86 IBD patients, coincidentally, have fewer high-SCFA producers, such as Ordoribacter, Phascolarctobacterium, and Roseburia.
87
In summary, there is a distinct IBD microbiome profile characterized by reduced diversity, increased temporal instability, and dysbiosis that favors pro-inflammatory species. However, as with many studies on the human gut microbiome, direct causative links between the gut microbiome and IBD have yet to be demonstrated. Current research is focused on developing these mechanistic links and offer the opportunity to utilize the gut microbiome as both a diagnostic and therapeutic tool for IBD. In-depth reviews of specific hostmicrobial interactions in IBD are provided by Kostic et al. 20 
Atherosclerosis
An early study of the role of gram-negative organisms in the pathogenesis of atherosclerosis compared aortic root plaque development between atherosclerosis-prone apolipoprotein E knockout mice (apoE KO), lipopolysaccharide-resistant (lps d ) mice, and germ-free apoE KO mice. 88 The codominant lps d allele corresponds to a missense mutation of the gene encoding for Toll-like receptor 4, a transmembrane receptor that is important in recognizing bacteria-associated lipopolysaccharide (LPS) and initiating the innate immune response. Lps d mice demonstrate minimal increases in serum levels of TNFα and IL-6 in response to intraperitoneal injection of LPS. There was no difference in atherogenesis between apoE KO and apoE KO/lps d mice at any time point (4-32 weeks of age), and aortic root plaque development (necrotic cores, foam cells, and fibrous caps in the aortic root lesions) was also similar between conventional and germ-free mice, leading the authors to conclude that commensal microbes are not necessary for murine atherogenesis.
However, more recent studies have identified novel mechanistic pathways through which gut microbes could contribute to atherogenesis. Gut microbes metabolize dietary L-carnitine and choline, into trimethylamine, which is metabolized in the liver to trimethylamine-N-oxide (TMAO). In 4000 patients who underwent elective coronary angiography, fasting levels of TMAO correlated with major adverse cardiovascular events. 89 In addition, dietary supplementation of apoE KO mice with choline, TMAO, or betaine upregulated multiple macrophage scavenger receptors linked to atherosclerosis and promoted aortic plaque development, which was reversed by antibiotic suppression. 47 Similarly, mice that undergo dietary carnitine supplementation have increased synthesis of TMA and TMAO and increased aortic atherogenesis. 90 Finally, transplantation of cecal contents from atherosclerosisprone mouse strains to atherosclerosis-resistant mouse strains resulted in enhancement of aortic atherogenesis from dietary choline, demonstrating the novel finding that atherosclerosis susceptibility can be transmitted by gut microbial transfer. 91 Alternatively, intestinal permeability and dysbiosis induced by dietary fat may contribute to atherosclerosis and glucose intolerance in a microbe-dependent manner, as demonstrated by increased intestinal permeability, higher circulating endotoxin concentration, and increased aortic plaque in lowdensity lipoprotein receptor knockout mice (LDLR KO) fed a Western diet, changes which were ameliorated by oral antibiotics. 92 In humans, patients with symptomatic carotid stenosis have altered gut metagenomes compared to age-and sex-matched healthy controls without cardiovascular disease, including enrichment of the genus Colinsella and decreased Roseburia and Eubacterium. 93 Patients with advanced atherosclerosis requiring vascular surgery or major amputation also differed from age-and sex-matched controls without clinically-apparent atherosclerosis in the serum profiles of phenyl and indole microbe-derived metabolites. 94 
Conclusion
In summary, this review highlights the impact of the gut microbiome on common surgical conditions, including obesity, NAFLD, CRC, intestinal anastomotic leaks, IBD, and atherosclerosis. Many of the supporting studies demonstrate associations rather than define mechanistic pathways, and hence fundamental knowledge that further elucidates the causeeffect relationship between gut microbiota and host pathophysiology are eagerly awaited. Furthermore, translations of these relationships to novel diagnostic and therapeutic strategies for surgical patients will be equally important as the microbiome medicine field advances.
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